The impacts of tracer non-conservatism caused by factors such as organic matter (Wang et al. groups, a 5% change caused by non-conservatism during sediment mobilisation, intermediate 16 storage and delivery will only have a minor impact on source fingerprinting estimates.
17
A method which could potentially reduce within-source group variability and increase intra- The overall question this paper aims to answer is: can the objective classification of sediment 7 source groups using an updated cluster analysis based method reduce gross uncertainty in 8 fingerprinting outputs? Additionally, can we modify the cluster analysis derived source 9 groups to suit management goals; in this example discriminating between surface and 10 subsurface sources, while maintaining the benefits of the cluster analysis method.
11
This study uses artificial mixtures of sediment source samples, some of which are 12 deliberately corrupted by numerous means to test the accuracy of unmixing model results
13
when the different source group classification methods are used. Error evaluation using 14 artificial mixtures has been increasingly adopted as a routine component of sediment source 
Methods
Sediment source samples were collected from 11 locations along the rivers channel banks 1 (Figure 1 ). Samples were only collected from the bank material and topsoils directly above it 2 as this study aimed to investigate different source classification methods comprising two 3 fundamental source categories (surface and subsurface) to simplify the interpretation of 4 results.
5
At each sampling point, 2 to 10 samples of the channel bank material were collected at 10 to 6 15 cm intervals down the exposed channel bank face according to vertical stratigraphy; using 7 a non-metallic knife after 5 to 10 cm of superficial material had been removed in order to 8 minimise contamination by mass failure surface drapes and flood deposits. The sampling 9 locations were selected primarily on the basis of the presence of exposed banks with a lack of 10 vegetation and accessibility and to be roughly evenly spaced along the entire channel network length. An additional sample of topsoil was collected using a non-metallic trowel to a depth 
21
Mineral magnetic signatures were measured using 8 to 10 g of each sample tightly packed 22 into 5 ml polystyrene sample pots. The properties shown in Table 1A were measured using identified that a mean error (coefficient of variation; %) of 11.6% was associated with the 7 measurement of geochemical tracers.
8
Colour signatures were measured using the prepared samples packed into polythene bags.
9
Images of the source material were captured using a Lexmark x2650 colour scanner and were Table 1B were then calculated using the extracted RGB values.
13
The methods used for measurement are discussed in more detail by Pulley and Rowntree This was undertaken to simplify the variables input into the cluster analysis. The two-step
10
cluster analysis was repeated with between 2 and 6 clusters and the solution with the best 11 silhouette coefficient (the smallest mean between-cluster distance minus the mean within-
12
cluster distance, divided by the larger of the two distances) was used to define the catchment 13 source groups. This measure represents how well separated each cluster is from other clusters 14 and how closely related the data points in any individual cluster are. 
Creation of the artificial mixtures of sediment sources
The effectiveness of each of the three source group classification methods at reducing 1 uncertainty in the unmixing outputs was tested using artificial mixtures of the channel bank 2 and topsoil samples. Each mixture was created with known proportions of each sediment 3 source group derived using the three classification methods, these were generated only after 4 applying the cluster analyses and discriminant analysis. An equal mass of sediment from each 5 source sample collected which was in each group was used unless otherwise specified. Some 6 mixtures were deliberately corrupted in the ways shown in Table 2 in an attempt to replicate 
15
For the deliberately corrupted mixtures, the prepared mixtures were wet sieved through a 38 16 µm stainless steel mesh using ultrapure distilled water and the 63-38 µm and <38 µm 17 fractions retained for tracing. When organic matter was added, cotton wool (as organic matter
18
of a uniform composition) was reduced to a powder using a blender and the appropriate mass 19 added to each mixture. Table 2 : The artificial sediment source mixtures created and their purpose.
22

Mixture Purpose
All channel bank and surface sources with no corruption How does source group classification change the 5 th to 95 th range of uncertainty produced by the Monte Carlo based unmixing model as well as the error resulting from measurement accuracy and the modelling procedure? (i.e. how close to the actual mixture composition are the results derived using the three classification methods?)
Only cluster 3 subsurface sources and all surface sources (this mixture was decided upon only after the use of the cluster analysis)
These three alterations to the mixtures investigate how much error can be caused by regional variability in sediment source inputs with each source group classification method. For example, if only a small part of channel bank composed of an unusual tracer signature undergoes mass failure contributing a disproportionally large amount of sediment.
Only cluster1 surface sources and all subsurface sources (this mixture was decided upon only after the use of the cluster analysis)
Only a random 10% of samples from each source group
All source samples with 10 -30% of the sample mass added as organic matter (cotton wool)
How does the classification of source groups affect the error resulting from the enrichment in sediment-associated organic matter during its erosion, transport and storage?
All source samples sieved to <38µm How does the classification of source groups affect the error that can result from particle size changes during sediment erosion, transport, deposition and delivery. All source samples sieved to 63 -38µm 1 2
Source group fingerprinting procedure 3 4
The key theory behind this paper is that the cluster analysis source group classification 5 method will reduce the within-source group variability and increase the inter-source group 6 variability. To test if the classification methods achieve this aim, tracer variability ratios of 7 the percentage difference in median tracer concentration between source groups divided by 8 the mean within-source group variability (coefficient of variation; %) were used (Pulley et al. repetitions of each mixture (Table 2) . Using this method, the error present when unmixing the 17 uncorrupted and deliberately corrupted mixtures was quantified to find how source 18 classification affects the accuracy of a hypothetical fingerprinting study. The first classification scheme separated samples into simple surface and subsurface sources Table 3 ) and included in the two-step cluster analysis. The cluster analysis 15 identified that a 3 cluster solution was optimal. The results presented in Table 3 suggest that The third source group classification method used the three cluster groups as a starting point 8 and split the surface and subsurface samples in each cluster group into their own separate 9 groups. After doing this it was found that there was only one subsurface sample left in the 10 ironstone subsurface cluster; as a result the subsurface ironstone source group was removed 11 from further analysis. The source groups identified with scheme 3 can be seen in (Figure 2, 3) 
12
The source groups derived using each classification scheme were mapped on a diagram analysis source groups (classification scheme 2) shows that the majority of ironstone 16 classified samples are located in the centre of the catchment and on the surface (Figure 2 ).
17
The limestone group classified samples are all located in subsurface material at sampling 18 sites 3, 4, 7 and 8. In contrast, clay and diamicton derived material is present throughout the 1 entire study area.
2
From the viewpoint of a catchment manager wanting to know where to target mitigation 3 measures, classification scheme 2, using only the cluster analysis, is perhaps the least useful 4 since it could only identify how much sediment originated from some of the small outcrops 5 of limestone and ironstone in the centre of the study catchment. The most useful 6 classification scheme is number 3 with the greatest number of source groups. This section compares the percentage difference in median tracer signatures between the 5 source groups and within-source group variability (mean coefficient of variability as a %) for 6 the three source group classification schemes, using a tracer variability ratio (intra / inter 7 group variability).
8
The cluster analysis derived source groups (classification scheme 2) greatly increased (by up 1 to 2122%, median 194%) the variability ratios over the simple surface and subsurface source 2 groups (scheme 1), indicating a greater difference in tracer signatures between the source 3 groups and lower within-source group variability (Table 4 ). The variability ratios remained 4 substantially higher than the simple surface and subsurface source groupings (scheme 1) 5 when the cluster analysis based groups were split into a surface and subsurface component 6 (scheme 3). These results thereby indicate that the lowest uncertainty would be propagated 
Discriminant analysis 2 3
The GA-LDA produced composite fingerprints able to classify 100% of the source samples The artificial mixtures of known proportions of source samples (Table 2) were run through 13 the unmixing model (Equation 1) using the composite fingerprints in Table 5 , to assess how organic matter or using only a small number of samples from each source group (Table 2) .
17
This was done to mimic some of the key possible sources of tracer non-conservatism in the 18 natural environment. Sieving the artificial mixtures to <38 µm and 63 -38 µm to replicate changes to fine 3 sediment particle size during its transportation from source to river channel resulted in large 4 errors (mean 28.6%) when scheme 1 was used and lower errors (mean 13%) when 5 classification schemes 2 and 3 were used. The largest error resulting from any deliberate 6 corruption to the artificial source mixtures was caused when the samples were sieved to 63 - 
Conclusions 2 3
The findings of this paper demonstrate how small differences in tracer signatures between 4 sediment source groups and a high within-source variability can introduce significant 5 uncertainty into unmixing model results. As a result, it was found that the simple 6 classification of catchment sources as generic surface and subsurface sources in a catchment 7 with a heterogeneous geology resulted in large amount of error when using a composite 8 fingerprinting approach. This error was significantly reduced by the cluster analysis based 9 method, and was not significantly increased by splitting the cluster analysis source groups 10 into surface and subsurface components to suit catchment management goals. Therefore, a cluster analysis based classification method with the modification of cluster groups appears to 1 be the optimum method within the Sywell Reservoir catchment. This is likely to be the case 2 for many other river catchments.
3
The effects of tracer non-conservatism were found to be substantially reduced by the high 4 tracer variability ratio associated with the cluster analysis based classification methods. The 5 reasoning behind this is that the source group signal of the tracers (inter-group variability) is 6 larger than the noise of tracer non-conservatism with these methods. An additional advantage 7 to the cluster analysis based methods is that far smaller errors are introduced by highly 8 localised sediment inputs from only a small part of the catchment, which may have highly 9 distinctive tracer concentrations (e.g. from the ironstone geology in the case of the Sywell 10 study catchment).
11
Whilst this paper found that the sediment source groups in the cluster analysis were strongly 12 controlled by catchment geology it should be emphasised that this method is likely applicable Evrard, O., Poulenard, J., Némery, J., Ayrault, S., Gratiot, N., Duvert, C., Prat, C., Lefèvre, I., Process. 27(6), 911-922. Figure S1 : Actual and modelled sediment source contributions to the artificial mixtures.
Actual contributions are in dark grey and modelled contributions are in light grey.
